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Abstract

Iron-sulfur clusters act as important cofactors for a number of transcriptional regulators in
bacteria, including many mammalian pathogens. The sensitivity of iron-sulfur clusters to iron
availability, oxygen tension, and reactive oxygen and nitrogen species enables bacteria to use
such regulators to adapt their gene expression profiles rapidly in response to changing
environmental conditions. In this review, we discuss how the [4Fe-4S] or [2Fe-2S] cluster-
containing regulators FNR, Wb, aconitase, IscR, NsrR, SoxR, and AirSR contribute to bacterial
pathogenesis through control of both metabolism and classical virulence factors. In addition, we
briefly review mammalian iron homeostasis as well as oxidative/nitrosative stress to provide
context for understanding the function of bacterial iron-sulfur cluster sensors in different niches

within the host.

Iron and Iron-Sulfur Clusters

Iron. Iron is an essential nutrient for almost all organisms examined, with some unique
exceptions including Lactobacillus plantarum and Borrelia burgdorferi'?. The importance of this
element is underscored by the requirement of iron as a cofactor for a variety of processes
including energy generation, DNA replication, and oxygen transport. The most common forms of
iron under physiological conditions are the reduced ferrous form (Fe?*) and the oxidized ferric
form (Fe®*). While iron is critical for almost all forms of life, its unregulated accumulation in the
presence of oxygen or reactive oxygen species (ROS) is extremely toxic. Iron amplifies ROS
production through the Fenton and Haber-Weiss reactions, leading to the production of hydroxyl
radicals that damage biological macromolecules including DNA®. Thus, organisms must balance
sufficient iron utilization for maintaining optimal growth rates while preventing excess oxidative

stress. Bacteria achieve this through use of oxidative stress response pathways as well as
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through mechanisms such as coordinated iron uptake, storage, and detoxification to ensure
proper iron homeostasis*. Many bacterial pathogens encounter environments with varying iron
availability (see Section on Iron, Oxygen, and Nitric Oxide in the Mammalian Host Environment
below), creating a need to sense the amount of intrabacterial iron and couple this information to

control of gene expression.

Iron-sulfur (Fe-S) clusters. Iron-sulfur (Fe-S) clusters were first identified over 50 years ago,
when their role in electron transfer was discovered®. There are various Fe-S clusters that act as
prosthetic groups; however, those most commonly found in nature are [2Fe-2S] and [4Fe-4S].
Biologically, Fe-S clusters are not randomly generated from free Fe**/Fe*" and S* components,
as these would be toxic. As such, there are dedicated Fe-S cluster biosynthesis pathways (Isc,
Suf, and Nif) that generate Fe-S clusters from Fe* and L-cysteine substrates. These Fe-S
clusters are typically coordinated to proteins through conserved cysteine residues, although

aspartate, histidine, serine, or backbone amides have also been shown to play a role®.

Fe-S clusters have a unique ability to delocalize electron density to both the Fe and S atoms,
which explains their prominent role in respiratory and photosynthetic electron transport” 8. A
variety of regulatory proteins utilize Fe-S clusters in order to sense iron, environmental oxidants,
or nitric oxide®. Fe-S clusters can be reversibly oxidized in the presence of oxygen or ROS,
leading to conversion of the cluster to a distinct oxidation state or to complete loss of the cluster
from the Fe-S cluster-coordinating protein. In addition, nitric oxide can also damage Fe-S
clusters’®"". These alterations to the Fe-S cluster are thought to cause a conformational change

in the regulatory protein, leading to altered activity.

In this review, we will focus on bacterial Fe-S cluster-coordinating regulatory proteins important
for the ability of mammalian pathogens to cause disease. These regulators use their Fe-S

3
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cluster to sense environmental cues such as oxygen and iron availability to control expression
of bacterial genes important for virulence. In this review, we summarize key findings from five
decades of literature on bacterial Fe-S cluster regulation as it pertains to pathogenesis of the

mammalian host.

Iron, Oxygen, and Nitric Oxide in the Mammalian Host Environment

Mammalian pathogens occupy a diverse set of niches within the host organism. These niches
vary in iron and oxygen availability as well as ROS and reactive nitrogen species (RNS)
concentration, and are therefore predicted to impact Fe-S cluster sensors differently. In this
section, we briefly discuss mammalian iron homeostasis and oxidative/nitrosative stress,

12-15

reviewed in more detail elsewhere <>, in order to gain perspective on host factors that influence

the activity of bacterial Fe-S cluster sensors during infection "®°,

Mammals regulate iron on both a systemic and cellular level®

. These distinct but overlapping
regulatory circuits impact iron availability for extracellular pathogens, vacuolar pathogens, and
cytosolic pathogens in different ways. In addition, inflammation limits iron availability through a

number of mechanisms. Lastly, the composition of the microbiota may alter the availability of

iron in the gut.

Up to 95% of the human daily iron need is obtained from recycling of senescent red blood cells
by macrophages,’ with the remainder absorbed from the diet in the duodenum and colon?.
Nramp2/DMT1 transports iron from the intestinal lumen across the duodenum brush border,
while ferroportin transports iron across the basolateral membrane of enterocytes and into the
bloodstream®” ?*. Similarly, in macrophages, Nramp2/DMT1 transports iron recycled from red

blood cells across the endosomal membrane and ferroportin transports the iron across the

4
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plasma membrane and into the bloodstream. However, a vanishingly small amount of free iron
is present in mammalian tissues (10?* M) due to the concerted action of a number of iron-
binding proteins®'. Transferrin is the main iron carrier in the bloodstream and transferrin-bound
iron is taken up into cells through transferrin receptor 1 (TfR1). Levels of ferroportin are
controlled by hepcidin, a peptide hormone produced by the liver®, controlling iron absorption
and recycling. Hepcidin levels are regulated in response to iron levels through a mechanism that
involves TfR1 and the MHC class | protein HFE. In addition, production of cytokines such as IL-
6 in response to innate immune stimuli induces hepcidin expression, thereby decreasing
ferroportin levels and promoting hypoferremia' '*. During chronic and/or severe inflammation
associated with infection or cancer, this response can result in prolonged hypoferremia referred

to as anemia of inflammation®* %°,

Mutations in the HFE gene are associated with hereditary hemochromatosis (HH), a genetic iron
overload disorder common among people of Northern European descent®. In a subset of HH
individuals, transferrin saturation is increased and iron overload occurs in the liver and other
tissues, leading to damage most likely as a result of oxidative stress®® ?’. HH-associated HFE
mutations lead to decreased hepcidin levels and increased ferroportin. In turn, increased
ferroportin leads to elevated absorption of iron from the gut as well as elevated transport of iron
recycled from red blood cells out of macrophages. Paradoxically, while HH is characterized by
overall iron overload, macrophages from HH individuals are iron poor’® . This may at least
partially explain why hepcidin plays a protective role against the extracellular pathogens Vibrio
vulnificus and Yersinia spp., by reducing extracellular bioavailable iron, but promotes growth of
pathogens such as Salmonella and Mycobacteria whose primary growth niche is intracellular®.
It will be important to examine how disorders in host iron metabolism might impact intracellular

and extracellular pathogens that use Fe-S cluster sensors to control virulence gene expression.
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Iron that is transported into the cell cytoplasm either enters the labile iron pool (LIP), and is used
to metallate cytoplasmic or mitochondrial components, or is stored in ferritin®'. Approximately
80-90% of the LIP is in the Fe(ll) reduced state and is bound to molecules like glutathione and
poly C binding proteins (PCBPs), iron chaperones that interact with ferritin®'. Some cytosolic
pathogens utilize the LIP while some utilize ferritin-iron®2. In phagosomes and neutrophils, an
Nramp2 paralog called Nramp1 is induced by pattern recognition receptors (PRRs) or
proinflammatory cytokines. Nramp1 pumps iron and other metals out of the phagosome, limiting
phagosomal iron concentration and influencing survival of vacuolar pathogens such as

Salmonella™.

It is tempting to assume that the intestinal lumen has a high iron availability for bacterial
pathogens, and indeed excess iron can be measured in feces?'. However, while total luminal
iron content can be high, the majority of the iron does not appear to be readily available to
microbes, as much of it is bound to food, certain members of the microbiota, or host iron-binding
proteins®’. Indeed, production of siderophores by the microbiota serves as evidence that
conditions in the intestinal lumen are iron limiting, because bacteria only produce siderophore-
based iron acquisition systems when they are iron starved?'. This is true particularly in the
inflamed gut, as a result of production of host defense molecules such as lipocalin-2, which
sequesters certain siderophores™ *. However, Salmonella enterica serovar Typhimurium (S.
Typhimurium) produces lipocalin-2-resistant siderophores, and so can access iron more
effectively during inflammation than gut microbes producing only lipocalin-2-sensitive

siderophores®.

Production of ROS and RNS by macrophages, neutrophils, as well as other cell types such as

intestinal epithelial cells is of great importance to innate immune defense, as exemplified by
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chronic granulomatous disease patients with defects in NADPH oxidase activity'> ****. NADPH
oxidase is the main source for the antimicrobial oxidative burst of macrophages and neutrophils
and is induced by innate immune recognition of pathogen-associated molecular patterns, such
as lipopolysaccharide, through pattern recognition receptors such as Toll-like receptor 4°®°. In
addition to host-derived sources of ROS such as NADPH oxidase, aerobic respiration can
generate ROS and iron overload can amplify ROS production. Hence, bacteria encounter a
number of environments within the mammalian host where ROS and RNS could impact the
function of Fe-S cluster regulators. Likewise, different niches with the mammalian host differ in
oxygen tension®. For example, the lumen of the large intestine is devoid of oxygen as a result
of the collective action of facultative anaerobes within the microbiota. Yet near the apical
surface of colonic epithelial cells, the oxygen concentration increases as a result of diffusion
from the intestinal barrier capillary network (see below). Additionally, influx of neutrophils during
intestinal inflammation leads to localized depletion of oxygen creating a hypoxic
microenvironment for invading pathogens™. This response has been suggested to play a role in
modulating oxygen tensions in other environments that accumulate large volumes of neutrophils
such as during uropathogenic Escherichia coli urinary tract infections*. Thus, in order to
understand how Fe-S cluster regulators impact bacterial virulence, it is important to consider the

specific conditions a given pathogen will encounter during the course of infection.

Iron-Sulfur Cluster Requlators and their Role in Bacterial Pathogenesis

As described above, the mammalian host environment contains a diverse array of niches with
variable amounts of iron and oxygen as well as oxidative and nitrosative stresses. As these
conditions can have profound effects on iron-sulfur cluster homeostasis, bacterial pathogens

typically encode one or more Fe-S sensing regulators that act to modulate gene transcription in
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response to the changing host environment. This section details those Fe-S sensors with

characterized roles in the virulence of bacterial pathogens of mammals (Table 1).

[4Fe-4S] Cluster Containing Regulators

FNR. The regulatory protein, FNR (fumarate and nitrate reduction) is one example of a global
regulator whose function is modulated by the coordination of an [4Fe-4S] cluster*’. FNR has
been well characterized in E. coli where it has been shown to control gene expression in
response to oxygen*> **. Interestingly, FNR is produced, but is not an active transcription factor,
under aerobic conditions**. FNR is constitutively expressed, leading to continued generation of
apo-FNR, which is either degraded via the ATP-dependent protease CIpXP or converted to
[4Fe-4S]-FNR* *®_ Activity of FNR is modulated in response to oxygen levels through oxidation
of the [4Fe-4S] cluster to [2Fe-2S]*’. With extended exposure to oxygen, the [2Fe-2S] cluster is
lost and apo-FNR begins to accumulate. Under these conditions, FNR is not an active
transcription factor; however, as the oxygen levels decrease, FNR is loaded with a [4Fe-4S]
cluster mainly by the Isc biosynthesis pathway*®. In this holo form, FNR dimerizes leading to
increased DNA-binding at a consensus motif consisting of a symmetrical dyad (TTGAT X4
ATCAA). This increased transcriptional activity leads, in E. coli, to upregulation of approximately
125 genes involved in anaerobiosis*® **. Thus, FNR acts as a molecular switch to regulate

energy metabolism in response to fluctuating oxygen levels.

FNR is expressed by many facultative anaerobes that must survive the transition between
aerobic and anaerobic lifestyles or by aerobes that can supplement growth by using alternative
metabolic pathways under oxygen limiting conditions*®*°. This includes a number of pathogens
that encounter changes in oxygen tension during the course of infection of a host organism. For
example, FNR is important for Neisseria meningitidis virulence in rodent models of infection,
regulating a number of genes involved in denitrification as well as sugar metabolism and

8
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fermentation®'. In addition to controlling metabolic pathways important for pathogens to adapt to
changes in oxygen availability, FNR has also been co-opted to regulate expression of virulence

genes (see below).

Shigella flexneri infects the human intestine and causes dysentery. A major Shigella virulence
factor is the plasmid-encoded Mxi-Spa type Il secretion system (T3SS), which enables bacterial
internalization into colonic epithelial cells®® °*. Expression of the Shigella T3SS is regulated by
pH, osmolarity, temperature, and oxygen availability, enabling optimal timing of T3SS
deployment. Shigella uses FNR not only to adapt metabolically to anaerobic conditions, but to
control expression of the T3SS in response to changing oxygen availability, as depicted in
Figure 1. Importantly, in the absence of FNR, S. flexneri is unable to colonize the intestine®.
Under anaerobic conditions such as those found in the lumen of the colon, FNR is bound to a
[4Fe-4S] cluster and acts as a repressor of two genes essential for proper T3SS function, spa32
and spa33**. Spa32 mediates the switch between secretion of needle components and effector
proteins®®’, while Spa33 is an essential component of the T3SS C-ring where it plays a role in
recruiting and exporting T3SS-associated proteins®®. As a result of holo-FNR repression of
spa32 and spa33 in the low oxygen environment of the colonic lumen, T3SS needles are
elongated and ‘primed’, yet effector secretion is suppressed®. The oxygen concentration at the
surface of intestinal epithelial cells is thought to be elevated compared to the lumen as a result
of diffusion out of the capillary network at the tips of villi**. This increased oxygen concentration
is likely to oxidize the FNR [4Fe-4S] cluster upon interaction of S. flexneri with intestinal
epithelial cells. This cluster loss leads to alleviation of repression and reversal of the anaerobic
block of effector secretion, allowing appropriately timed cell invasion through activation of the

T3SS.
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The Gram-positive organism Bacillus cereus also encodes an FNR homolog. B. cereus is a
facultative anaerobic organism that causes food-borne diarrheal syndrome in humans®®. During
infection, B. cereus colonizes the small intestine, where it secretes a number of virulence factors
including hemolysin BL (Hbl), nonhemolytic enterotoxin (Nhe), and cytotoxin (CytK)%®°. Nhe and
Hbl are pore-forming toxins each comprised of three protein components NheA, NheB, NheC
and Hbl-B, Hbl-L; and Hbl-L, respectively®'. FNR positively regulates expression of the nheABC
and hbl operons and forms a ternary complex with ResD, the response regulator of the redox
sensing two-component system ResDE and the virulence regulator PIcR®* ®. Under
environments rich in oxygen, the oxygen-labile [4Fe-4S] cluster is lost resulting in accumulation
of apo-FNR. Unlike E. coli and many other FNR containing organisms, apo-FNR of B. cereus is
an active transcription factor with a binding affinity similar to [4Fe-4S]-FNR for certain promoters
including the nheABC and hbl operons®® ®. However, under conditions of anaerobic growth,
such as in the mammalian small intestine, the [4Fe-4S] cluster is stable and [4Fe-4S]-FNR
binds with higher affinity to the fnr promoter region®. As such, there is an increase in FNR
production, which subsequently leads to increased expression of the nheABC and hbl operons
for maximal toxin production during B. cereus infection of the small intestine®. The ternary
complex formed between FNR, ResD, and PIcR is believed to play a role in modulating toxin

expression; however, the exact mechanism is not fully understood.

FNR is also important for the virulence of S. Typhimurium® . In this pathogen, FNR regulates
a similar cohort of genes as in E. coli, including several metabolic pathways and flagellar
motility. Interestingly, Salmonella FNR also regulates ethanolamine utilization as well as the tir
operon encoding tetrathionate reductase®®’, both of which were recently shown to provide a

68 69 |n addition,

growth advantage to S. Typhimurium in the inflamed intestinal lumen
Salmonella FNR is involved in regulation of the SPI-1 T3SS essential for bacterial invasion into
intestinal epithelial cells, as well as several virulence-associated genes that may promote

10
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intracellular growth65. Thus, it appears that FNR aids Salmonella in reprogramming metabolic
gene expression under the anaerobic conditions of the intestinal lumen to compete with the
microbiota and grow within that niche, while inducing expression of virulence factors that
promote entry inside intestinal epithelial cells and intracellular survival should the bacteria

encounter host cells.

In uropathogenic Escherichia coli (UPEC), the causative agent of the majority of urinary tract
infections, FNR is essential for virulence in a mouse urinary tract infection model and for
adherence to and invasion of bladder and kidney epithelial cells”® "". UPEC FNR is a global
regulator controlling gene expression of type | and P fimbriae (important for adherence to
bladder and kidney cells), motility (which plays a role in UPEC ascension to the upper urinary
tract), as well as other virulence-associated genes such as a hemolysin and a novel
pathogenicity island not found in other commensal or intestinal E. coli (which enables utilization
of a-ketoglutarate)’®. Alpha-ketoglutarate is an intermediate in the TCA cycle and is an
abundant metabolite in renal proximal tubule cells, an infection site of UPEC’* 3. The ability of
UPEC to utilize host-derived a-ketoglutarate under anaerobic conditions has been
demonstrated to be essential for colonization of the bladder and kidneys’. Collectively, FNR
facilitates UPEC host cell contact and metabolic adaptation to promote growth in the urinary

tract.

Pseudomonas aeruginosa is an important opportunistic pathogen that can cause life-threatening
infections in immunocompromised hosts. The FNR homolog ANR (anaerobic regulator of
arginine deiminase and nitrate reductase) of P. aeruginosa is important for colonization of
airway epithelial cells and is essential for virulence in a murine model of acute-phase

75-77

pneumonia™"". Similar to FNR, ANR is an active transcription factor under low oxygen

11
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conditions when coordinated with a [4Fe-4S] cluster and recognizes a 5-TTGATNNNNATCAA-3
consensus motif’” 8. Interestingly, ANR is active in lung surfactant-containing medium despite
elevated oxygen levels, which occurs in a hemolytic phospholipase C (PIcH)-dependent
manner’®. PIcH, is a secreted virulence factor of P. aeruginosa that cleaves host-associated
phosphotidylcholine (PC) and sphingomyelin located in eukaryotic membranes and host lung
surfactant’® ®. The release of choline by PIcH is believed to stimulate ANR activity leading to
enhanced biofilm production and host airway colonization in the presence of oxygen, by an as-
yet unidentified mechanism™. Under anaerobic conditions, ANR represses transcription of p/cH
in a negative feedback loop®'. This example highlights the interplay between metabolism and

virulence driven by Fe-S cluster sensing regulators.

WhbI. WhiB-like (Wbl) proteins in Actinobacteria have been demonstrated to play diverse roles in
morphogenesis, cell division, virulence, and metabolism as well as in antibiotic resistance® %.
The well characterized WhiB3 of Mycobacterium tuberculosis has been shown to coordinate a
[4Fe-4S] cluster and its DNA-binding activity is altered in response to fluctuations in the
concentration of NO and O, as well as redox stress® . When WhiB3 is exposed to high levels
of O, or NO, the [4Fe-4S]"™ is oxidized to [4Fe-4S]** and further converted to a [3Fe-4S]™
cluster. After prolonged exposure, the Fe-S cluster is eventually lost, enabling apo-WhiB3 to
bind DNA with high affinity. NifS is able to restore the [4Fe-4S] cluster to apo-WhiB3, leading to
generation of holo-WhiB3 and a reduction in DNA-binding affinity®®>. Uniquely, the exposed
cysteine residues of apo-WhiB3 are susceptible to redox stress and as such serve as an
additional level of regulation®. During exposure to thiol-specific oxidants, the four conserved
cysteines undergo formation of two intramolecular disulphide bonds, resulting in enhanced
DNA-binding activity. This activity can be abolished by exposure to thiol-specific reductants and
loss of the disulphide bonds. Thus, sensing by WhiB3 is bi-phasic such that the [4Fe-4S] cluster
senses NO and O; stresses to modulate DNA-binding activity, while in the absence of cluster

12



Page 13 of 39

©CoO~NOUTA,WNPE

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

Metallomics

ligation the exposed cysteines further influence DNA-binding activity in response to reductive

stress® 8°.

M. tuberculosis encodes seven Wbl proteins, WhiB1-WhiB7. These regulatory proteins respond
to a number of environmental stimuli including exposure to detergents, acid, heat, and variable
concentrations of nutrients, ethanol, oxygen, NO, and iron®®°. WhiB3 is essential for full
virulence in mammalian tuberculosis models by maintaining redox homeostasis and promoting
lipid biosynthesis during macrophage infection, the favored niche of M. tuberculosis®.
Approximately 60% of the M. tuberculosis cell wall is comprised of lipids and its lipid profile is
altered during infection in order to defend against the host immune system®'. A number of M.
tuberculosis lipids act as virulence factors. For example, sulfolipid-1 (SL-1) is a tetraacylated
glycolipid that modulates host immune responses through inhibition of phagasome-lysosome
fusion and modulation of cytokine and host ROS production®'®. Other important glycolipids
include the di-, tri- and polyacyltrehaloses (DAT, TAT and PAT, respectively), which hinder host
cell phagocytosis'’. Another prominent cell wall lipid, trehalose dimycolate (TDM), also known
as cord factor, is toxic to mammalian cells and functions by inhibiting phospholipid vesicle fusion
and neutrophil migration®'. Removal of M. tuberculosis lipids leads to decreased persistence
within macrophages and a reduction in the host immune response, demonstrating the

importance of these lipids in M. tuberculosis pathogenesis'%.

During infection, M. tuberculosis is exposed to oxygen and NO stress, which influence stability
of the WhiB3 [4Fe-4S] cluster®® ', In the presence of these stressors, the [4Fe-4S] cluster is
degraded leading to an accumulation of apo-WhiB3. Interestingly, this form of WhiB3 is able to
undergo further post-translational modifications in response to redox stress, modulating DNA-
binding activity®® '%. M. tuberculosis experiences redox stress during infection as a result of
NADPH production following fatty acid B-oxidation'® . Reducing equivalents such as NADPH

13
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can undergo autoxidation, leading to increased ROS production'®. The exact mechanism by
which apo-WhiB3 senses redox stress is unknown. However, it is hypothesized that
accumulation of NADPH during infection increases oxidative stress, leading to accumulation of
oxidized apo-WhiB3 containing intraprotein disulphide bonds between the four cluster-
coordinating cysteines®. The oxidized form of apo-WhiB3 exhibits strong DNA-binding activity
leading to upregulation of SL-1, PAT/DAT and TDM lipid synthesis® '. Additionally, excess
NADPH generated by M. tuberculosis via fatty acid (3-oxidation is consumed in the production of

these cell wall lipids, serving as a feedback loop for maintaining redox homeostasis®* %

, which
is illustrated in Saini et al.'®. Oxygen and NO sensing by the [4Fe-4S] cluster serve as an
important first step in WhiB3 regulation, as exposure of [4Fe-4S]-WhiB3 to redox stresses does
not influence DNA-binding activity. Collectively, WhiB3 functions through a unique mechanism

in order to regulate redox homeostasis during macrophage infection and induce the proper cell

wall lipid composition required for host immune evasion.

Aconitase. Aconitases are highly conserved enzymes in both eukaryotes and prokaryotes that
convert citrate to isocitrate in the TCA cycle and contain a labile [4Fe-4S] cluster that is
essential for enzymatic activity'®. In addition to their catalytic function, the eukaryotic aconitase,
IRP-1 (iron regulatory protein 1), is located in the cytosol and is a bifunctional protein that acts

as an RNA-binding protein in an iron-dependent manner'®’"'%

. IRP-1 recognizes specific
sequences on the mRNA transcript termed iron-responsive elements (IREs), which are stem-
loop structures located in either the 5’ or 3’ untranslated regions (UTR) of mRNAs encoding iron
metabolism proteins'® "'°. The location of the IRE dictates the effect that binding of IRP-1 will
have on the mRNA transcript. Specifically, binding of IRP-1 to IREs located in the 5 UTR will
decrease protein production through inhibition of translation. Conversely, binding in the 3° UTR
will increase protein levels through stabilization of the mRNA transcript. In the presence of iron,

the [4Fe-4S] cluster is bound to IRP-1 resulting in inhibition of RNA-binding activity. Under iron
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depleted conditions, the [4Fe-4S] cluster is lost and IRP-1 is able to bind to IREs and
coordinately regulate protein production'"'"*. Thus the IRP-1 aconitase has a dual role in
modulating iron metabolism and contributing to energy generation. Most pathogenic bacteria
have IRP-1 homologs that are believed to play a role similar to that of their eukaryotic
counterparts. For example, aconitase of B. subtilis is a bifunctional protein, demonstrated to
possess both enzymatic activity through its role in converting citrate to isocitrate in the TCA

cycle as well as mRNA-binding activity through recognition of IRE-like sequences'™""".

Aconitase has been linked to synthesis of an important exotoxin that is central to P. aeruginosa
disease causation. This organism encodes a plethora of secreted and cell-associated virulence
determinates including proteases, toxins, phospholipases, pili, rhamnolipids and the
exopolysaccharide alginate’'®. The most toxic of these virulence factors to mammalian cells is
the secreted enzyme, exotoxin A (ETA). ETA is able to inhibit protein synthesis through its ADP-
ribosylating activity leading to host cell death, as it catalyzes the transfer of ADP-ribose from
NAD to eukaryotic elongation factor 2''® ' Interestingly, Somerville et al., demonstrated an
inverse correlation between aconitase activity and synthesis of this important exotoxin'?'. In the
absence of iron, aconitase activity was decreased and the gene encoding ETA, foxA,
transcribed. Furthermore, fluorocitrate, an aconitase-specific inhibitor, reduced toxA
transcription. The exact mechanism by which aconitase influences ETA synthesis is not fully
understood; however, the study by Somerville et al., suggests a role for aconitase in contributing

to virulence factor synthesis in P. aeruginosa.

Aconitase of another important opportunistic pathogen, Staphylococcus aureus, has also been
implicated in the production of secreted virulence factors as well as cell-associated adhesion
factors'?%. S. aureus utilizes a vast arsenal of virulence determinants to successfully colonize an
abundance of niches within the host. In the absence of aconitase, there is a decrease in
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production of glycerol ester hydrolase, a lipase that hinders phagocytic killing by
granulocytes'®, a type C enterotoxin that may play a role in food poisoning'?*, as well as a- and
B-toxins, two cytolytic toxins that target host cells'® '?°. Production of cytolytic toxins by S.
aureus has been shown to play a role in modulating immune responses as well as scavenging
nutrients such as iron from erythrocytes'® '?°. Therefore, S. aureus likely utilizes virulence
factor production in order to combat iron deprivation in the host environment. Indeed the iron
regulator, Fur coordinates production of S. aureus hemolysins and cytotoxins, including a-toxin,
in response to iron availability'®”. As such, it is tempting to speculate that S. aureus utilizes
aconitase as an additional level of regulation to sense and respond to iron limiting conditions
within the host. Interestingly, mutation of aconitase does not drastically alter the severity of S.
aureus infection after intraperitoneal infection. However, in a murine wound formation model,
mice infected with aconitase mutants lost significantly more weight and displayed delayed onset

of ulceration as well as delayed recovery at the infection site'*?

. Whether aconitase is important
for colonization of one or more of the other numerous host niches that S. aureus is capable of
infecting remains to be determined. Although the mechanism by which aconitase coordinates

energy generation with virulence factor expression during infection has yet to be elucidated, it is

clear that aconitases play an important role in host-pathogen interactions.

[2Fe-2S] Cluster Containing Regulators
IscR. In a separate group are regulators that coordinate a [2Fe-2S] cluster to modulate gene
transcription. This group includes the iron-sulfur cluster regulator, IscR, belonging to the Rrf2

128, 129

family of winged helix-turn-helix transcription factors IscR has been extensively

characterized in E. coli where its DNA-binding activity is modulated based on the coordination of

129133 ' |n a mechanism

a [2Fe-2S] cluster through three conserved cysteines and a histidine
distinct from that of FNR, IscR is an active transcription factor both in the apo-IscR and holo-
IscR forms. Fe-S cluster loading of IscR occurs through the activity of the cotranscribed Isc Fe-
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S biosynthesis pathway. Holo-IscR directly represses transcription of the iscRSUA operon in
order to maintain proper Fe-S cluster homeostasis; however, IscR also regulates gene
expression beyond the isc operon. This occurs through the ability of IscR to recognize two
distinct binding motifs: type 1 motifs (ATASYYGACTRwwwYAGTCRRSTAT), which are
recognized solely by holo-IscR, and type 2 motifs (AXxxCCxxAxxxXxxxTAXGGxxxT), which are
bound by both holo- and apo-IscR™* "®*. The holo-IscR/apo-IscR ratio is affected by iron
availability, oxidative stress, and oxygen limitation; thus, these environmental stimuli are

believed to effect gene expression through IscR"™""%,

Enteropathogenic Yersinia, Y. enterocolitica and Y. pseudotuberculosis, cause gastrointestinal
disease in healthy individuals and more serious disseminated infection in immunocompromised
hosts or those with iron overload disorders such as hereditary hemochromatosis'*'%.
Interestingly, IscR was recently shown to be critical for Y. pseudotuberculosis pathogenesis'®.
Y. pseudotuberculosis can cross the small intestinal barrier to enter the bloodstream and deeper

140192 \where its Ysc T3SS is required for full virulence'*®. Yersinia utilize their Ysc T3SS

tissues
to inject a series of effector proteins into host cells that collectively inhibit bacterial uptake into
phagocytic cells and dampen other host defense responses such as ROS production.
Expression and function of the T3SS is tightly regulated in Yersinia and there are several
environmental cues that are known to mediate T3SS control including temperature, calcium

concentration, and host cell contact*

. Y. pseudotuberculosis IscR was recently shown to
directly regulate the Ysc T3SS™°. In tissues with low iron availability, sufficient oxygen tension,
and/or oxidative stress, loss of the [2Fe-2S] cluster on IscR may lead to derepression of the
iscRSUA operon and subsequent increase in IscR levels (Figure 2). Elevated apo-IscR induces

transcription from type Il motif-containing promoters, which includes the gene encoding the Ysc

T3SS master regulator, LcrF™°. As such, it is hypothesized that Y. pseudotuberculosis uses
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IscR to sense iron, O,, and/or ROS concentration, in addition to temperature and host cell

contact, in order to optimize T3SS expression during infection.

Vibrio vulnificus is capable of causing food poisoning as well as wound infections in mammalian
hosts, typically through contamination of a preexisting laceration during swimming in warm
coastal waters'® '*®_ IscR of V. vulnificus is induced in the presence of host epithelial cells as a
result of reactive oxygen species production'’. Based on the documented biochemistry of E.
coli [2Fe-2S]-IscR, this increase in iscR expression is likely a result of [2Fe-2S] cluster loss
following its oxidation, leading to apo-IscR derepression of the isc operon. In V. vulnificus, this
increased apo-IscR also leads to induction of several virulence-associated pathways.
Specifically, Vibrio IscR is required for appropriate expression of two genes encoding proteins
with putative antioxidant properties, peroxiredoxin (Prx) and glutaredoxin 2 (Grx2). Both of these
proteins in other organisms have been shown to be important for detoxifying the host
environment following antibacterial defenses elicited by the immune system™?® '*°. Furthermore,
IscR of V. vulnificus is essential for proper regulation of the vwhBA operon, encoding a putative
cytolysin secretory protein VvhB and the cytolysin VvhA, a potent toxin that targets

erythrocytes'® '

. Interestingly, iron has been shown to influence both the expression and
secretion of this hemolysin''. This suggests that low iron and exposure to host ROS may act as
signals for IscR-mediated gene regulation in order to acquire iron and detoxify oxidative

stresses during V. vulnificus infection.

IscR also plays an important role in the virulence of P. aeruginosa, which can be exposed to
high levels of ROS resulting from the macrophage oxidative burst'* ™. In order to circumvent
this host defense strategy, P. aeruginosa employs the highly stable catalase, KatA, to detoxify
ROS, as demonstrated by the inability of P. aeruginosa katA mutants to cause disease in a
mouse peritonitis model'**. Interestingly, expression of katA is not effected by IscR; however,
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decreased activity of KatA is observed in an jscR mutant. Furthermore, mutation of iscR also
leads to decreased pathogenesis in a peritonitis model'®?. Kim et al., hypothesized that the
regulatory effect of IscR on KatA activity may occur through disruptions in the intracellular pool

of iron available to generate heme, an essential cofactor for KatA'? '°,

NsrR. The nitric oxide sensing Rrf2-type transcriptional repressor NsrR belongs to the winged
helix superfamily and is structurally similar to IscR with three conserved cysteines in the C-
terminal region that serve to coordinate the Fe-S cluster. In E. coli, NsrR binds DNA at a 23
base pair (bp) palindrome that is arranged as two 11 bp inverted sequences (AANATGCATTT)
separated by a single nucleotide™®. The regulatory activity of NsrR is dependent on the
reversible coordination of an oxygen-insensitive Fe-S cluster through the three conserved

157-159

cysteines Interestingly, while NsrR of Streptomyces coelicolor, S. Typhimurium,

Escherichia coli, and Neisseria gonorrhoeae were found to contain [2Fe-2S] clusters, studies in

R157 160, 161 |\ Neisseria

Bacillus subtilis demonstrated it to harbor a [4Fe-4S] containing Nsr
gonorrhoeae and other organisms, the regulatory activity of NsrR is modulated by NO stress.
Specifically, nitrosylation of [2Fe-2S]-NsrR leads to cluster destabilization, thereby abolishing

DNA-binding activity157‘16°' 162, 163

The enteric pathogen S. Typhimurium is a leading cause of human gastroenteritis. In order for
S. Typhimurium to cause invasive disease, it must be able to persist within macrophages'®.
Macrophages serve as an important niche for S. Typhimurium, yet they utilize a number of
mechanisms to inhibit invading organisms including the production of RNS'®*> "% As such, it is
essential that S. Typhimurium be able to sense host NO production and respond in order to
coordinate the virulence factors necessary to subvert the host immune response. NsrR of S.
Typhimurium contains a NO-sensitive [2Fe-2S] cluster, which in the absence of nitrosative
161,

stress represses transcription of hmp encoding a NO detoxifying flavohaemoglobin (Figure 3)
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7 When S. Typhimurium is exposed to NO stress, such as in the intracellular environment of
the macrophage, the [2Fe-2S] cluster is destabilized leading to derepression of hmp'®" "%’
Flavohaemoglobin subsequently converts NO to N,O or to nitrate (NOj3;), enabling S.

Typhimurium to resist nitric oxide killing by host macrophages'®" "¢

Another food-borne pathogen, Enterohemorrhagic Escherichia coli (EHEC) O157:H7, which
causes diarrhea, hemorrhagic colitis, and even renal failure, encodes a NO-sensing NsrR. In
order for EHEC to colonize the host, it must adhere to intestinal epithelial cells'®. During this
attachment, EHEC subverts host cytoskeletal processes in order to form attaching and effacing
(AJE) lesions'™®. The ability of EHEC to form these A/E lesions and associate with the plasma
membrane of host intestinal epithelial cells is a direct result of a chromosomally-encoded
pathogenicity island termed the locus of enterocyte effacement (LEE)''. This chromosomal
pathogenicity island is largely organized in 5 major operons (LEE1-LEE5). The LEE1, LEE2,
and LEE3 operons encode T3SS secreted proteins, chaperones, and regulators including the

main activator, Ler, encoded on LEE1'"

. LEE4 encodes genes that comprise the T3SS
translocon and a syringe, while LEES encodes the adhesin intimin as well as the intimin
receptor Tir'”®. NO production is an innate immune response of intestinal mucosa, as such
EHEC are exposed to nitrosative stress during attachment and invasion of epithelial cells.
Interestingly, NsrR directly activates transcription of the LEE1, LEE4, and LEES5 operons in the
absence of NO'"'. Counterintuitively, T3SS-dependent EHEC adhesion to host cells is inhibited
in the presence of NO in an NsrR-dependent manner'”". It has been hypothesized by Branchu
et al., that this NO directed regulation of LEE may serve to limit EHEC colonization of the
stomach lining in order to promote colonic infection'”". Furthermore, EHEC has been shown to
inhibit RNS production by human enterocytes, which may ultimately serve to promote host cell

attachment and invasion" 74,
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SoxR. The E. coli superoxide response regulator SoxR utilizes a [2Fe-2S] cluster to sense
superoxide stress in order to coordinately regulate gene transcription. Like IscR and NsrR,
SoxR belongs to the Rrf2 family of winged helix-turn-helix regulators, whose function is
modulated based on the coordination of an Fe-S cluster. Coordination of the [2Fe-2S] cluster
occurs through a conserved sequence, CysX2CysXCysX5Cys, in the carboxy-terminus of SoxR
homologs in E. coli, P. aeruginosa, and Streptomyces coelicolor'™>""”. SoxR activity is distinct
from that of IscR and NsrR in that it functions as a regulator solely when the [2Fe-2S] cluster is
in the oxidized form as a result of exposure to the superoxide anion O,"'’®. Additionally, E. coli
SoxR has been shown to be activated in the presence of NO stress through nitrosylation of the
Fe-S cluster'”®. As demonstrated in Figure 4, upon sensing redox stress, SoxR activates

expression of soxS encoding an AraC-type regulator'®® '®

. SoxS subsequently upregulates
genes involved in redox homeostasis and repair'®. Interestingly, SoxRS regulatory activity
appears to be confined to members of the Enterobacteriaceae, as SoxS homologs are only
present in enteric bacteria. In other bacteria, SoxR alone has been shown to directly regulate a
small set of genes'®. While SoxRS of Enterobacteriaceae seem to play a role in protection
against exogenous redox-cycling compounds, SoxR of P. putida, P. aeruginosa, and S.

coelicolor are believed to protect against endogenously generated antibiotics'”® 77+ 184188

SoxR of P. aeruginosa is essential for full virulence in mammalian hosts, as demonstrated by a
notable decrease in the ability of soxR mutants to avoid killing by macrophages, increased
survival of mice following pulmonary challenge with a soxR mutant, as well as diminished

t8% 189 Accumulation of the

systemic dissemination in mice infected with a soxR mutan
endogenous redox-active small molecule pyocyanin during stationary phase growth leads to
activation of SoxR in a superoxide-independent manner'®. Additionally, SoxR has been
demonstrated to respond to oxygen-induced stress'®. As P. aeruginosa is not a member of the

family Enterobacteriaceae, it does not encode a soxS gene. Instead, SoxR of P. aeruginosa
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directly regulates expression of mexGHI-ompD, an operon consisting of a multidrug efflux pump
involved in quorum-sensing, as well as genes encoding a putative efflux pump and a
monooxygenase'® '®" 1% Quorum-sensing is a mechanism utilized by many bacteria in order to
sense the surrounding population density and coordinately regulate gene expression as a type
of cell-to-cell communication. Typically, a quoromone signal is produced, and in the case of P.
aeruginosa there are two, the N-acylhomoserine lactone (AHL) and 2-heptyl-3-hydroxy-4(1H)-
quinolone (PQS). A quoromone threshold is commonly sensed by a two component signal
transduction system leading to global regulatory changes, often in virulence gene expression. In
P. aeruginosa, quorum sensing is active in vivo and is essential for both acute and chronic
infections, demonstrated through numerous infection models. Mutation of the mexGHI-ompD
encoded pump leads to decreased AHL and PQS production and subsequently reduced

virulence in a rat lung infection model™’

. During the course of infection, P. aeruginosa is
exposed to oxidative stresses generated by the innate immune response; therefore, it can be
hypothesized that this exposure leads to oxidation of [2Fe-2S]-SoxR and subsequent
upregulation of the mexGHI-ompD encoded pump. As this pump is necessary for appropriate
AHL and PQS quorum-sensing, this mechanism of SoxR regulation likely contributes to the

pathogenesis of P. aeruginosa through properly timed virulence determinant expression (Figure

4).

SoxR has also been implicated in the virulence of V. vulnificus'. Integral to the capacity of V.
vulnificus to cause food-borne disease is an ability to tolerate the acidic pH of the stomach.
Survival occurs through the use of an acid-neutralizing system cadBA, which encodes a lysine-
cadaverine antiporter (CadB) and a lysine decarboxylase (CadA)'®. Furthermore, the gene
encoding the manganese superoxide dismutase sodA is also an important component of the
acid response and has been shown to promote survival under low pH'®* ', SoxR is essential
for transcription of both sodA and cadBA and thus may sense ROS in the stomach, enabling
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protection from acid stress and facilitating disease causation'®* '*®. Interestingly, mice that have
been infected via intraperitoneal injection with either a soxR or sodA mutant display reduced
virulence and complementation of the soxR mutant with sodA restores this defect'®’. This

suggests a requirement for SoxR-dependent regulation of sodA in the disease causation of V.

vulnificus beyond survival within acidic gastric fluids.

AirSR. The anaerobic iron-sulfur cluster-containing redox sensor regulator AirSR, also known
as YhcSR, is an [2Fe-2S]-containing two-component signal transduction system that regulates
S. aureus virulence gene expression in response to oxidative and redox stresses'®’. As
illustrated by Sun et al., the membrane bound histidine kinase AirS coordinates an [2Fe-2S]
cluster, which influences its kinase activity'”’. Specifically, during growth in the absence of ROS
or under low oxygen concentrations, the [2Fe-2S] cluster is reduced ([2Fe-2S]"") and
phosphorylation of the response regulator AirR is limited'®’. Oxidation of the cluster to [2Fe-
2S]2+ leads to fully active AirS; however, over exposure to oxidative stress leads to cluster loss
and inhibition of AirS kinase activity197. Moreover, exposure to NO stress results in dinitrosyl-
iron-dithiol complex formation with the AirS [2Fe-2S] cluster, leading to protein inactivation'’.
Under anaerobic conditions, AirR represses transcription of a number of genes encoding S.
aureus virulence factors including the two-component system SaeRS, which regulates many

198-200

extracellular proteins in response to environmental stimuli , an immunoglobulin binding

197

surface protein Spa, which aids in immune evasion®®’, and Agr'®’. Agr is a quorum sensing, two-

component system central to the pathogenesis of S. aureus®*??%. The agr locus is expressed as

growth progresses from exponential to stationary phase, where there is a shift in gene

203-205

expression profiles from surface proteins, to secreted proteases and toxins . These

secreted and surface-associated virulence determinants play an important role in the success of

S. aureus as a pathogen, as these factors allow for adhesion, immune evasion, and

206, 207

dissemination . Collectively, these data suggest that AirRS plays an important role in

23



©CoO~NOUTA,WNPE

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

Metallomics

coordinating appropriately timed virulence determinant production in response to the host
environment. Specifically, host generated ROS/RNS likely leads to AirS [2Fe-2S] cluster loss,
inhibiting kinase activity. Inactivation of AirS then leads to accumulation of inactive,
unphosphorylated AirR, thereby alleviating repression of agr. This increased agr activity would
subsequently lead to increased production of secreted proteases and toxins allowing for evasion

of the host immune response as well as dissemination.

Concluding remarks

The examples listed above as well as other reports not covered in this review have established
the importance of Fe-S cluster coordinating regulators in bacterial pathogenesis, making them
potential therapeutic targets for development of novel antimicrobials. However, targeting Fe-S
cluster coordination in general would not be a viable option given the importance of these
prosthetic groups in eukaryotes. The unique ability of Fe-S cluster coordinating regulators to
respond to changes in iron availability, oxygen tension, and ROS/RNS levels places them in an
ideal position to enable bacteria to adapt their gene expression profiles to optimize survival
within the often hostile host environment. It will be important to more concretely link our
knowledge of how Fe-S cluster coordinating regulators control gene expression and virulence
with the nature of the environmental conditions encountered by bacterial pathogens inside and

outside the host.
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Figure Legends

Figure 1. The mechanism of oxygen sensing by FNR during Shigella flexneri colonic
infection. A model of Mxi-Spa T3SS regulation by FNR in response to the oxygen
concentration gradient in the human colon. It has been demonstrated in E. coli that transcription
of fnr is constitutive both in the presence and absence of oxygen and the resulting FNR protein
is loaded with a [4Fe-4S] cluster via the Isc Fe-S cluster biosynthesis pathway*. In S. flexneri,
under anaerobic conditions such as the lumen of the colon, the [4Fe-4S] cluster is stable and
[4Fe-4S]-FNR represses transcription of spa32 and spa33*. Spa32 is essential for proper T3SS
function as it mediates the switch between secretion of needle components and effector
proteins®®’, while Spa33 is an essential component of the T3SS C-ring where it plays a role in
recruiting and exporting T3SS-associated proteins®®. Due to these repressive effects of FNR,
the Mxi-Spa T3SS needles are elongated and primed, but S. flexneri is unable to secrete T3SS
effector proteins and invade host cells. However, in areas surrounding host colonic epithelial
cells, oxygen levels are increased due to diffusion from the capillary network of cell villi**. Under
these conditions, the [4Fe-4S]-FNR cluster is oxidized to [2Fe-2S] and eventually lost. This
leads to accumulation of the inactive form, apo-FNR, which in E. coli is degraded by ClpXP,
allowing for derepression of spa32 and spa33* /. Induction of Spa32 and Spa33 leads to a
switch from secretion of needle components to effector proteins allowing S. flexneri to invade

host colonic epithelial cells®.
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Figure 2. The mechanism of IscR-dependent Ysc T3SS regulation during
enteropathogenic Yersinia infection. A model of IscR control of the Yersinia Ysc T3SS under
differing iron availability, oxygen tension, and ROS concentration. Under anaerobic, low ROS
conditions where Yersinia is able to obtain iron, such as the gut lumen, transcription of the isc
operon should be limited due to sufficient [2Fe-2S] cluster loading onto IscR (holo-IscR)**,
which recognizes a type 1 DNA-binding motif in the isc promoter to repress transcription in a
negative feedback loop™. Ysc T3SS expression is predicted to be low under such conditions.
However, in tissues that are iron-poor (such as the blood), rich in ROS (such as inflamed
tissue), or high in oxygen tension, apo-IscR is predicted to accumulate, leading to stimulation of
type Il motif-containing promoters including the promoter upstream of the gene encoding LcrF,
the Ysc T3SS master regulator'®®. This upregulation may allow increased T3SS expression in

niches where Y. pseudotuberculosis requires its T3SS to inhibit uptake and killing by phagocytic

cells.

Figure 3. The mechanism of S. Typhimurium NsrR-dependent hmp regulation. A model of
NsrR control of hmp encoding a NO detoxifying flavohaemoglobin under increasing nitric oxide
stress. During growth of S. Typhimurium when concentrations of nitric oxide are minimal, such
as in the environment outside of the mammalian host, the NsrR [2Fe-2S] cluster is stable. Under
these conditions, [2Fe-2S]-NsrR is a functional DNA-binding protein and represses transcription
of hmp encoding a nitric oxide detoxifying flavohaemoglobin. However, when S. Typhimurium is
exposed to NO stress, such as that generated by host macrophages where S. Typhimurium
survives and proliferates during mammalian infection, the NsrR [2Fe-2S] cluster is nitrosylated.
These conditions lead to cluster destabilization and abolish NsrR DNA-binding activity. As such,
hmp expression is no longer repressed and the resulting NO detoxification by flavohaemoglobin

allows for S. Typhimurium persistence within host macrophages.
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Figure 4. The mechanism of SoxR regulation in the family Enterobacteriaceae and P.
aeruginosa. A model of SoxR regulatory activity in members of the Enterobacteriaceae and P.
aeruginosa. (A) SoxR of Enterobacteria coordinates a NO- and superoxide anion-sensitive [2Fe-
28] cluster. During growth under minimal NO and oxidative stress conditions, the SoxR-[2Fe-
28] cluster is in the reduced form (1+) resulting in abolished DNA-binding activity. However, as
the concentration of NO and/or superoxide anion increases, such as within the mammalian host,
the [2Fe-2S] cluster is oxidized (2+). Under these conditions, SoxR is an active transcription
factor and functions solely to upregulate soxS encoding an AraC-type regulator, which then
functions to coordinate gene expression to maintain redox homeostasis. (B) The activity of
SoxR of P. aeruginosa is slightly different from that described for Enterobacteria. Specifically,
the [2Fe-2S] cluster is oxidized is the presence of pyocyanin, which accumulates during
stationary phase, and high oxygen concentrations. Additionally, SoxS is absent from P.
aeruginosa and other non-Enterobacteria. As such, the oxidized form, SoxR-[2Fe-2S]** directly
regulates a small subset of genes, mexGHI-ompD. Among other proteins, this operon encodes
a multidrug efflux pump required for secretion of the quorum sensing quoromones, N-
acylhomoserine lactone (AHL) and 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS). As quorum
sensing is required for both acute and chronic infections, SoxR plays an important role in P.

aeruginosa pathogenesis.
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1023  Table 1. Bacterial Fe-S sensors important for mammalian pathogenesis.
REGULAT
CLUSTER | OR ORGANISM(S) PROPOSED ROLE IN PATHOGENESIS
[4FE-4S] FNR Shigella flexneri Regulates the Mxi-Spa T3SS in response to changes in colonic O,

Neisseria meningitidis Regulates genes involved in denitrification and sugar metabolism
Salmonella enterica serovar Typhimurium Regulates the SPI-1 T3SS and other virulence-associated genes
Uropathogenic Escherichia coli (UPEC) Regulates type | and P fimbrae and other virulence-associated genes

(ANR) Pseudomonas aeruginosa Regulates plcH and is active in lung surfactant
Bacillus cereus Regulates toxin production in response to O, concentrations

Wbl Mycobacterium tuberculosis Important for virulence lipid production in response to reducing equivalents

Aconitase Staphylococcus aureus Important for production of both secreted and cell-associated virulence factors
Pseudomonas aeruginosa Inversely correlated with exotoxin A synthesis

[2FE-2S] IscR Yersinia pseudotuberculosis Regulates the virulence-associated Ysc T3SS
Vibrio vulnificus Regulates virulence determinants in response to host ROS production
Pseudomonas aeruginosa Protects against ROS through regulation of katA
Burkholderia mallei Defends against reactive nitrogen species®®®
Shigella flexneri Essential for invasion of host epithelial cells*'®
([4FE-4S])* | NsrR Salmonella enterica serovar Typhimurium Regulates NO detoxifying flavohaemoglobin, hmp

Enterohemorrhagic Escherichia coli (EHEC) Regulates T3SS and other LEE-encoded genes in response to NO

SoxR Pseudomonas aeruginosa Activates quorum-sensing, efflux pumps and a monooxygenase
Vibrio vulnificus Defends against host ROS production through activation of sodA

AirSR Staphylococcus aureus Regulates agr expression in response to oxygen and oxidative/NO stresses

1024

1025

1026

“Homologs of NsrR have been shown to contain either a [2Fe-2S] cluster or [4Fe-4S] cluster depending on the organism.
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